AEDC-TR-09-T-13 


Plume  Visualization  of  Orion  Launch 
Abort  Vehicle  Jettison  Motors  Using 
Background-Oriented  Schiieren 


Carrie  K.  Reinholtz,  Fred  L.  Heltsley,  and  Kenneth  E.  Scott 
Aerospace  Testing  Alliance 


January  2010 


Final  Report  for  Period  1-16  June  2009 


Statement  A:  Approved  for  public  release;  distribution  is  unlimited. 


ARNOLD  ENGINEERING  DEVELOPMENT  CENTER 
ARNOLD  AIR  FORCE  BASE,  TENNESSEE 
AIR  FORCE  MATERIEL  COMMAND 
UNITED  STATES  AIR  FORCE 


NOTICES 


When  U.  S.  Government  drawings,  specifications,  or  other  data  are  used  for  any  purpose  other 
than  a  definitely  related  Government  procurement  operation,  the  Government  thereby  incurs  no 
responsibility  nor  any  obligation  whatsoever,  and  the  fact  that  the  Government  may  have 
formulated,  furnished,  or  in  any  way  supplied  the  said  drawings,  specifications,  or  other  data,  is 
not  to  be  regarded  by  implication  or  otherwise,  as  in  any  manner  licensing  the  holder  or  any  other 
person  or  corporation,  or  conveying  any  rights  or  permission  to  manufacture,  use,  or  sell  any 
patented  invention  that  may  in  any  way  be  related  thereto. 


Qualified  users  may  obtain  copies  of  this  report  from  the  Defense  Technical  Information  Center. 


References  to  named  commercial  products  in  this  report  are  not  to  be  considered  in  any  sense  as 
an  endorsement  of  the  product  by  the  United  States  Air  Force  or  the  Government. 


DESTRUCTION  NOTICE 

For  unclassified,  limited  documents,  destroy  by  any  method 
that  will  prevent  disclosure  or  reconstruction  of  the  document. 


APPROVAL  STATEMENT 


Prepared  by: 


CARRIE  K.  REINHOLTZ 
Aerospace  Testing  Alliance 


FRED  L.  HELTSLEY 
Aerospace  Testing  Alliance 


KENNETH  E.  SCOTT 
Aerospace  Testing  Alliance 


Reviewed  by: 


WINFORD  C.  PHIPPS 
Air  Force  Project  Manager 
716*^  Test  Squadron 


Approved  by: 


JOHN  J.  WALTERS 


Deputy  Director 
716*^  Test  Squadron 


REPORT  DOCUMENTATION  PAGE 


Form  Approved 
0MB  No.  0704-0188 


The  public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and  maintaining  the  data 
needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information,  including  suggestions  for  reducing  the  burden,  to 
Department  of  Defense,  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports  (0704-0188),  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington,  VA  22202-4302.  Respondents  should 
be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  any  penalty  for  failing  to  comply  with  a  collection  of  information  if  it  does  not  display  a  currently  valid  0MB  control  number. 

PLEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ADDRESS 


1 .  REPORT  DATE  (DD-MM-YYYY)  2.  REPORT  TYPE 

xx-01-2010  Final 


4.  TITLE  AND  SUBTITLE 

Plume  Visualization  of  NASA  CEV  Jettison  Motors  Using  Background 
Oriented  Schlieren 


3.  DATES  COVERED  (From  -  To) 

1-16  June  2009 


5a.  CONTRACT  NUMBER 

5b.  GRANT  NUMBER 


6.  AUTHOR(S) 

Reinholtz,  C.  K.,  Heltsley,  F.  L,  and  Scott,  K.  E. 
Aerospace  Testing  Alliance 


5c.  PROGRAM  ELEMENT  NUMBER 

5d.  PROJECT  NUMBER 

12696 

5e.  TASK  NUMBER 

5f.  WORK  UNIT  NUMBER 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 


8.  PERFORMING  ORGANIZATION 
REPORT  NO. 

AEDC-TR-09-T-13 


Arnold  Engineering  Development  Center/716  Test  Squadron  AEDC-TR-09-T-13 


9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES)  10.  SPONSOR/MONITOR’S  ACRONYM(S) 

NASA  Johnson  Space  Center  NASA  JSC 

Mail  Code:  EG3  ii.  sponsor/monitor’S  report 

2101  NASA  Parkway  number(S) 

Houston,  TX  77058 

12.  DISTRIBUTION/AVAILABILITY  STATEMENT 

Statement  A:  Approved  for  public  release;  distribution  is  unlimited. 

13.  SUPPLEMENTARY  NOTES 

Available  in  the  Defense  Technical  Information  Center  (DTIC). 

14.  ABSTRACT 

A  background-oriented  schlieren  (BCS)  system  has  recently  been  implemented  in  the  Aerodynamic  Wind  Tunnel  16T  at 
Arnold  Engineering  Development  Center  (AEDC)  to  qualitatively  visualize  the  jettison  motor  plumes  on  the  NASA  Crew 
Exploration  Vehicle  (CEV).  As  applied  to  aerodynamics,  BCS  is  an  optical  technique  that  exploits  gradients  in  the 
refractive  index  of  fluid  volumes  like  schlieren,  shadowgraph,  and  interferometry  techniques  to  visualize  flow  structures 
and  density  gradients.  BCS  requires  only  small  optical  accesses  to  view  a  painted  dot  pattern  through  a  refracting  media 
to  visualize  density  gradients  in  the  fluid.  This  is  of  particular  interest  in  wind  tunnels  or  other  testing  facilities  where 
optical  access  is  limited  and/or  other  common  visualization  techniques  are  not  readily  available.  Images  were  acquired 
for  multiple  Mach  number  flows,  plenum  pressures  and  model  attitudes  to  visualize  the  jet  plume  and  model  shock 
interactions  for  two  Jettison  Motor  geometries. 


15.  Subject  Terms 

jettison  motor,  high-pressure  air,  plume  interaction,  separation,  crew  module,  launch  abort  tower,  ARES  I  Launch  Vehicle, 
abort,  re-entry  phase,  wind  tunnel  test,  AEDC  Propulsion  Wind  Tunnel  16T,  transonic,  reverse  freestream  flow, 
background-oriented  schlieren,  plume  visualization. 


16.  SECURITY  CLASSIFICATION  OF: _  17.  LIMITATION  OF  numBER  NAME  OF  RESPONSIBLE  PERSON 

A.  REPORT  B.  ABSTRACT  C.  THIS  PAGE  ABSTRACT  qP  p^GES  Mr.  Winford  C.  PhippS 

19B.  TELEPHONE  NUMBER  (Include  area  code) 

Unclassified  Unclassified  Unclassified  Same  as  Report  53  (931)454-3011 


Standard  Form  298  (Rev.  8/98) 

Prescribed  by  ANSI  Std.  739.18 


AEDC-TR-09-T-13 


PREFACE 

The  work  reported  herein  was  conducted  by  the  Arnold  Engineering  Development  Center 
(AEDC),  Air  Force  Materiel  Command  (AFMC),  at  the  request  of  the  NASA  Johnson  Space 
Center  Mail  Code:  EG3  2101  NASA  Parkway  Houston,  TX  77058.  The  Sponsor  project 
manager  was  Mr.  Tuan  H.  Truong  of  NASA  JSC.  The  Customer  representative  was  Mr. 
Matthew  C.  Rhode  of  the  NASA  Langley  Research  Center,  Mail  Stop  408A,  Hampton,  VA 
23681.  The  test  results  were  obtained  by  Aerospace  Testing  Alliance  (ATA),  the  operations, 
maintenance,  information  management,  and  support  contractor  for  AEDC,  AFMC,  Arnold  Air 
Force  Base,  TN  37389.  The  ATA  project  manager  was  Mr.  Charles  L.  Smith.  The  test  was 
conducted  in  the  Propulsion  Wind  Tunnel  (PWT)  16T  of  the  PWT  Facility  during  the  period  from 
1-16  June  2009  under  AEDC  Job  Number  1 2696,  PWT  Test  Number  TF-1 045. 
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1.0  INTRODUCTION 

The  background-oriented  schlieren  (BOS)  data  acquisition  system  in  the  Arnold  Engineering 
Development  Center’s  (AEDC)  Propulsion  Wind  Tunnel  (PWT)  16T  was  used  to  visualize  the 
jettison  motor  (JM)  plumes  on  a  scaled  NASA  Orion  Launch  Abort  System  (LAS).  The  overall 
objective  of  this  effort  was  to  provide  plume  visualization  of  the  NASA  Crew  Exploration  Vehicle 
(CEV)  jettison  Motors  and  their  mutual  interaction  with  the  freestream  flow.  For  this  test  a 
single  optical  port  was  used  to  accommodate  a  high-resolution  CCD  camera  (4MP)  and  two 
white  LED  arrays.  A  pseudo-random  pattern  of  3/16-in.  black  dots  applied  over  a  9-  by  9-ft  area 
of  retroreflective  paint  on  the  opposite  wall  provided  the  image  background  texture  required  for 
BOS  processing. 

During  testing,  multiple  air-on  images  were  acquired  at  each  selected  test  condition  to  record 
apparent  distortion  of  a  background  dot  pattern  caused  by  flow-induced  refractive  index 
gradients  within  the  test  article  flow  field.  Displacement  vectors  that  indicate  the  direction  and 
magnitude  of  flow-induced  background  pattern  distortion  were  computed  by  cross-correlating 
each  air-on  image  with  an  undistorted  reference  image  acquired  with  the  jets  off.  Standard 
Particle  Image  Velocimetry  (PIV)  software  was  used  to  calculate  displacement  vectors  and 
create  grayscale  images  that  resemble  schlieren  photographs. 

2.0  APPARATUS 


2.1  TEST  FACILITY 

The  AEDC  Propulsion  Wind  Tunnel  16T  is  a  closed-loop,  continuous-flow,  variable-density 
tunnel  capable  of  being  operated  at  Mach  numbers  from  0.06  to  1 .60  and  stagnation  pressures 
from  120  to  4,000  psfa.  The  maximum  attainable  Mach  number  can  vary  slightly  depending 
upon  the  tunnel  pressure  ratio  requirements  of  a  particular  test  installation.  The  maximum 
stagnation  pressure  attainable  is  a  function  of  Mach  number  and  available  electric  power.  The 
tunnel  stagnation  temperature  can  be  varied  from  approximately  60  to  160°F  depending  upon 
the  available  cooling  water  temperature.  The  tunnel  is  equipped  with  a  scavenging  system  that 
removes  combustion  products  when  rocket  motors  or  turbo-engines  are  being  tested. 

The  high-angle  automated  sting  (HAAS)  cart  was  used  during  the  test.  It  has  a  16-ft-square  by 
40-ft-long  test  section  enclosed  by  porous  walls.  The  wall  porosity  is  fixed  at  6%  and  is  provided 
by  regularly  spaced  0. 75-in. -diam  holes,  which  are  inclined  upstream  at  a  60-deg  angle.  The 
test  section  is  completely  enclosed  in  a  plenum  chamber  from  which  air  is  evacuated  at 
transonic  and  supersonic  conditions,  thus  removing  part  of  the  tunnel  airflow  boundary  layer 
through  the  porous  walls  of  the  test  section.  The  HAAS  test  section  has  a  sidewall  angle 
variation  capability  from  -2.0  deg  (convergence)  to  0.8  deg  (divergence).  To  compensate  for  the 
HAAS  strut  blockage,  each  sidewall  has  a  bulge  section  6.0  in.  deep.  The  model  support  system 
consisted  of  a  pitch  sector  and  sting  attachment  with  a  pitch  capability  from  approximately  -3  to 
40  deg  (position  2)  with  respect  to  the  tunnel  centerline  and  a  roll  capability  of  +180  deg  about 
the  sting  centerline. 

No  conventional  schlieren  system  is  available  in  Tunnel  16T  because  of  spatial  restrictions  and 
optical  access  limitations  imposed  by  the  porous  walls.  Additional  information  about  Tunnel 
16T,  its  capabilities,  its  operating  characteristics,  and  its  support  systems  is  presented  in  Ref.  1. 
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2.2  TEST  ARTICLE 

The  test  article  was  a  scaled  model  of  the  NASA  Orion  LAS  including  the  Crew  Module  (CM), 
Boost  Protective  Cover  (BPC),  and  Launch  Abort  Tower  (LAT)  as  shown  in  Fig.  1.  The  model 
was  mounted  with  the  CM  heat  shield  forward  while  simulating  rocket  plumes  from  the  four  JM 
ports  located  on  the  LAT  with  high-pressure  air.  Figure  2  shows  the  test  article  installed  in  the 
16T  HAAS  cart.  Several  different  model  configurations  were  tested.  Configuration  101  included 
the  CM  only,  while  configurations  103  through  111  incorporated  different  translations  and  pitch 
angularities  of  the  CM  with  respect  to  the  LAT. 

2.3  BACKGROUND-ORIENTED  SCHLIEREN  THEORY 

Just  as  in  classical  schlieren  photography,  background-oriented  schlieren  exploits  the 
relationship  between  the  density  and  refractive  index  of  a  gas.  When  a  light  ray  passes  through 
a  medium  with  a  refractive  index  gradient,  the  ray  is  bent  in  the  direction  of  increasing  density. 
The  refractive  index  of  a  fluid  can  be  related  to  the  density  by  the  empirical  Gladstone-Dale 
equation 


n-\ 

P 


=  K. 


G-D  ’ 


(1) 


where  Kq-d,  the  Gladstone-Dale  constant,  is  constant  for  a  given  gas  (Refs.  2,  3),  p  is  the 
density,  and  n  is  the  index  of  refraction.  The  radius  of  curvature  of  a  light  ray  passing  through  a 
gas  can  be  expressed  as  inversely  proportional  to  the  gradient  of  the  index  of  refraction,  or 


where  R  is  the  radius  of  curvature  and  n  is  the  index  of  refraction. 

The  deflected  angle  of  the  light  ray,  £,  is  given  by: 

s  =  ^  =  LKr,.„Vp.  (3) 

K 


where  L  is  the  path  length  traveled  by  the  light  ray  and  V  p  is  the  density  gradient.  This  relation 
shows  that  the  deflection  of  the  light  ray  is  proportional  to  the  density  gradient  of  the  medium 
through  which  it  is  travelling. 

2.4  BACKGROUND-ORIENTED  SCHLIEREN  TECHNIQUE 

The  BOS  technique  differs  from  classical  schlieren  imagery  in  that  images  are  acquired  and 
then  post-processed  to  visualize  the  density  gradients  in  the  flow  field.  Figure  3  is  a  conceptual 
drawing  of  the  BOS  installation  showing  the  arrangement  of  the  digital  camera,  LED  light 
source,  and  East  wall  dot  pattern  relative  to  the  test  article.  Two  images  of  the  dot  pattern  have 
to  be  acquired  for  BOS  visualizations:  one  during  a  wind-off  event  (zero-density  gradients)  and 
a  second  during  wind-on,  or  in  the  presence  of  density  gradients  and  the  associated 
background  pattern  distortion.  Algorithms  in  standard  Particle  Image  Velocimetry  (PIV)  software 
can  be  used  to  cross-correlate  the  two  images  and  calculate  the  displacement  vectors  from  the 
two  images.  The  displacement  vectors  represent  the  local  deflection  of  the  light  rays  as  they 


Statement  A:  Approved  for  public 
release;  distribution  is  unlimited. 


6 


AEDC-TR-09-T-13 


pass  through  the  gradients  within  the  measurement  volume.  Plotting  scalar  values  extracted 
from  vector  components  allow  schlieren-like  images  to  be  created.  For  the  purpose  of  this  test, 
BOS  images  were  acquired  for  qualitative  visualization. 

2.5  BACKGROUND-ORIENTED  SCHLIEREN  DATA  SYSTEM 

A  BOS  system  is  comprised  of  four  main  components:  a  high-resolution  digital  camera,  a  light 
source,  a  painted  dot  pattern,  and  a  data  acquisition/analysis  computer.  Figure  4  shows  a 
schematic  of  the  BOS  system  installation.  Installation  photographs  of  the  system  components 
are  presented  in  Fig.  5.  The  background  pattern  (Fig.  5a)  consists  of  a  9-  x  9-ft  area  of 
retroreflective  paint  applied  to  the  tunnel  east  wall.  Random  black  dots  were  then  stamped  on 
top  of  the  retroreflective  paint  to  provide  a  suitable  background  texture  for  the  BOS  images  (Fig. 
6).  The  dot  size  of  approximately  3/16-in.  diameter  was  chosen  to  appear  as  3-5  pixel  diameter 
dots  when  imaged  to  allow  for  subpixel  accuracy  during  cross-correlation  using  PIV  software 
(Ref.  4).  One  Photometries®  CoolSNAP™  K4  12-bit,  interline  transfer  camera  with  2,048  x 
2,048  pixel  spatial  resolution  was  installed  level  with  the  test  section  centerline  at  a  tunnel 
station  174  in.  from  the  beginning  of  the  test  section  (Fig.  2).  At  the  expense  of  perspective 
distortion,  the  camera  was  angled  approximately  12  deg  both  upstream  and  above  the  model  in 
the  tunnel.  This  arrangement  provided  a  field  of  view  approximately  4.5  x  4.5  ft  around  the  CEV 
to  visualize  the  JM  jet  plumes.  The  camera  was  outfitted  with  an  18-35  mm  focal  length  zoom 
lens  (f/5.6),  and  a  500-ps  exposure  time  was  used  to  provide  a  sufficient  contrast  ratio.  Two 
light  sources,  each  configured  with  eight  Lamina®  BL-3000™  white  LED  arrays,  were  positioned 
above  and  below  the  camera  to  illuminate  the  retroreflective  paint.  Each  LED  array  consisted  of 
39  individual  cavities  for  a  total  of  624  LEDs.  A  PC  with  a  single  quad-core  processor  was  used 
to  control  the  cameras  and  data  acquisition.  The  camera  was  connected  to  the  computer  via  a 
PCI  card  and  fiber  optic  cable.  WinView32™  was  used  for  image  acquisition,  while  LaVision® 
DaVis™  software  was  used  to  process  and  export  the  final  BOS  videos  and  images. 

3.0  PROCEDURES 


3.1  TEST  CONDITIONS 

The  test  was  conducted  at  a  constant  unit  Reynolds  number  of  1 .0  million/ft.  The  interaction  of 
the  model  and  the  JM  jet  plumes  was  assessed  for  configurations  101-107  at  Mach  numbers  of 
0.5,  0.7,  0.9,  and  1.2  for  corresponding  average  jettison  motor  pressures  (PTJM).  For 
configurations  109  and  111,  three  different  PTJM  pressures  were  imaged  corresponding  to  the 
minimum,  maximum,  and  average  nozzle  pressure  at  one  model  attitude.  The  nominal  test 
conditions  established  during  the  test  are  given  in  Table  1.  Several  test  points  were  omitted  due 
to  model  dynamics.  A  test  run  summary  is  presented  in  Table  2.  Run  numbers  are  tabulated  in 
the  appropriate  Mach  number  column  next  to  the  associated  test  condition,  model  configuration, 
and  model  attitudes. 

3.2  DATA  ACQUISITION 

BOS  images  were  acquired  for  seven  different  model  configurations  under  three  circumstances; 
wind-off  jet-off,  wind-on  jet-off  at  test  condition,  and  wind-on  jet-on  at  test  condition.  Selective 
postprocessing  of  these  data  points  allows  for  jet-on  and  wind-on  phenomena  to  be 
distinguished  separately.  This  is  especially  useful  in  the  transonic  regime  where  flow  may  be 
locally  accelerated  and  local  supersonic  regions  become  apparent  around  the  test  article.  Sets 
of  5  background  images  were  acquired  for  each  model  attitude  at  both  jet-off  conditions,  and 
sets  of  10  images  were  acquired  for  each  model  attitude  at  the  jet-on  condition,  each  at  1.5  Hz. 
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For  each  test  condition  the  model  was  paused  at  each  selected  roll  and  pitch  angle  to  allow  the 
acquisition  of  multiple  BOS  images.  Comparison  of  the  large  and  small  JM  plumes  was 
accomplished  by  rolling  the  model  to  -135  and  -225  deg,  respectively,  and  thus  positioning  each 
JM  in  turn  on  top  of  the  model  and  in  the  BOS  field  of  view.  At  each  roll  angle,  images  were 
acquired  with  the  model  pitched  to  angles  of  180,  170,  160  and  150  deg.  Images  were  stored 
based  on  the  facility  run  and  point  numbers  for  association  with  the  analogous  test  conditions. 

3.3  DATA  REDUCTION 

Upon  acquisition,  each  image  set  was  stored  as  a  single,  10-frame  image  file.  For  data 
reduction,  the  10  image  frames  were  separated  into  single  images  and  converted  to  a  standard 
12-bit  TIFF  file.  Each  jet-on  data  set  was  paired  with  its  appropriate  jet-off  wind-on  background 
image  and  imported  into  DaVis™  for  postprocessing.  Alternately,  wind-off  jet-off  images  were 
used  as  background  for  processing  the  data  in  Figs  23a  and  24a  because  model  dynamics 
prevented  the  acquisition  of  wind-on  jet-off  data  for  those  conditions.  Additionally,  only  wind-off 
jet-off  backgrounds  were  available  for  processing  the  wind-off  jet-on  images  in  Figs.  7  through 
10.  Once  these  files  were  imported,  a  batch  processor  was  set  up  to  1 )  create  wind-off/wind-on 
image  pairs,  2)  apply  an  image  mask  around  the  test  article,  3)  cross-correlate  the  image  pairs 
using  PIV  algorithms,  and  4)  extract  the  scalar  field  for  contour  plots.  A  mask  of  each 
configuration  and  model  attitude  was  created  to  reduce  the  number  of  stray  and  spurious 
vectors  from  around  the  edges  of  the  test  article.  The  mask  also  reduces  the  number  of 
processed  pixels,  which  slightly  decreases  the  overall  processing  time. 

For  the  data  represented  in  Figs.  7  through  36,  two  main  PIV  processing  schemes  were 
employed.  The  first  processing  scheme  was  used  during  the  high-pressure  air  checkout  of  the 
JMs  (Figs.  7  through  10).  This  scheme  used  a  multipass  correlation  algorithm  with  initial 
window  size  of  64  x  64  pixels  at  75%  overlap  down  to  a  final  window  size  of  32  x  32  pixels  at 
87%  overlap.  The  second  processing  scheme  employed  on  the  remaining  data  sets  also  used 
a  multipass  algorithm;  however  an  initial  interrogation  volume  of  32  x  32  pixels  with  50%  overlap 
was  used  and  processed  down  to  a  16  x  16  pixel  region  with  87%  overlap.  The  second  process 
(finer  grid)  resulted  in  data  loss  for  the  high-pressure  air  checkouts  of  the  JMs  because  of  the 
large  density  gradients  in  the  plumes.  Therefore,  the  first  processing  scheme  was  used  and 
resulted  in  lower  resolution  images. 

After  each  vector  field  was  computed  for  each  of  the  data  sets,  scalar  fields  were  extracted. 
Density  gradients  were  the  strongest  in  the  streamwise  direction;  therefore,  the  scalar  fields 
representing  vertical  knife  edge  schlieren  images  are  presented  herein  with  the  exception  of  the 
JM  high-pressure  air  checkout.  Both  vertical  and  horizontally  simulated  schlieren  images  are 
presented  in  Figs.  7  through  10  for  the  JM  to  more  clearly  depict  the  shock  diamond  pattern 
within  the  plume. 


4.0  RESULTS  AND  DISCUSSION 

Figures  7  through  36  show  a  representative  dataset  from  the  BOS  tunnel  entry  and  include  only 
a  single  image  from  each  unique  configuration  and  model  attitude  combination.  The  full  dataset 
that  was  delivered  to  the  customer  includes  all  10  images  for  each  combination,  presented  both 
individually  and  as  pseudo-video  clips  displayed  at  1  Hz.  The  package  also  included  additional 
images  that  were  processed  using  wind-off  jet-off  data  for  background. 

Prior  to  the  wind-on  runs,  a  series  of  images  were  acquired  during  the  tunnel  wind-off  high- 
pressure  air  checkout  to  determine  whether  BOS  would  be  feasible  for  visualization  of  the  JM 
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plumes  during  the  remainder  of  the  test.  Figures  7  through  10  show  these  results  and  confirm 
the  applicability  of  the  BOS  system  for  plume  visualization. 

Figures  7  and  9  show  the  large  and  small  JM  plumes,  respectively,  for  configuration  101,  crew 
module  (CM)  only  and  show  the  shock  diamonds  as  well  as  the  upstream  plume  propagation. 
This  image  set  was  processed  using  a  multipass  processing  scheme  with  initial  interrogation 
region  of  32  x  32  pixels  and  50%  overlap  down  to  a  16  x  16  pixel  region  with  87%  overlap.  The 
images  in  Figs.  8  and  10  used  a  similar  processor;  however,  they  used  an  initial  region  of  64  x 
64  pixels  with  50%  overlap  down  to  a  32  x  32  pixel  region  with  an  overlap  of  87%.  Horizontal 
(a)  and  vertical  (b)  knife  edge  schlieren  images  were  simulated  during  postprocessing  to 
differentiate  between  vertical  and  horizontal  density  gradients.  Note  the  resolution  differences 
between  Figs.  7  and  8  as  well  as  Figs.  9  and  10  due  to  the  finer  grid  processor  used  in  Figs.  7 
and  9.  Although  a  finer  grid  may  give  more  detail  of  the  system,  notice  that  the  data  fall  out 
around  the  nozzle  exit  as  indicated  by  the  black  pixels.  Density  gradients  are  extremely  strong 
in  this  region,  resulting  in  large  displacements  of  the  background  dot  pattern  and  violating  the 
allowable  displacement  within  an  interrogation  window.  This  violation  results  in  a  bad  vector 
and  missing  data  on  the  final  BOS  image.  The  problem  is  mitigated  when  processed  using  a 
larger  window  size. 

Figures  11  through  30  show  the  JM  nozzle  plumes  in  flows  of  Mach  0.5,  0.7,  0.9,  and  1.2 
grouped  in  order  of  configuration  number  at  the  corresponding  average  jettison  motor  total 
pressures  (PTJM).  Small  and  large  JM  nozzle  geometries  were  imaged  for  configurations  101 
through  107.  Due  to  model  dynamics,  several  model  attitudes  had  to  be  omitted.  Jet-off 
images  could  not  be  captured  for  configuration  106  in  Mach  0.9  flow  and  pitched  to  180  deg  due 
to  model  dynamics.  Similarly,  jet-on  images  at  higher  angles  of  attack  could  not  be  acquired  in 
configurations  105  and  106  at  Mach  numbers  of  0.9  and  1.2. 

For  configurations  109  and  111,  only  one  model  attitude  was  imaged  for  the  large  JM  at  2  Mach 
numbers.  Figures  31  through  36  show  the  minimum,  maximum,  and  average  pressure  setting 
for  the  JMs  in  Mach  0.9  and  1 .2  flows. 


5.0  SUMMARY 

The  AEDC  BOS  data  acquisition  and  analysis  system  has  recently  been  improved  and 
implemented  for  use  in  the  16-ft  transonic  wind  tunnel.  The  improvements  were  demonstrated 
during  the  subject  test  performed  in  support  of  the  Orion  program.  Background  and  wind-on 
image  pairs  of  an  optical  dot  pattern  were  acquired  and  cross-correlated  using  standard  PIV 
data  reduction  techniques  to  provide  plume  visualization  of  the  jettison  motor  jet  plumes  and 
their  mutual  interaction  with  the  NASA  CEV  flow  field. 

The  authors  would  like  to  acknowledge  the  work  and  support  of  the  NASA  CEV  test  team.  A 
special  thanks  to  Matt  Rhode  from  NASA  Langley:  Chuck  Niskey  from  Black  Ram;  Jim  Ross, 
J.T.  Heineck,  and  Louise  Walker  from  NASA  Ames;  and  Win  Phipps,  Charlie  Smith,  Reggie 
Riddle,  and  David  Smith  from  AEDC.  Without  the  assistance,  patience,  and  expertise  of  these 
individuals,  this  test  would  not  have  been  successful. 
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Figure  1.  Launch  Abort  System  Test  Article  Details. 
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Figure  2.  Crew  Exploration  Vehicle  Test  Article  Installed  in  Tunnei  16T  HAAS  Cart. 
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Figure  3.  BOS  System  Configuration. 
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Figure  4.  BOS  System  Schematic  Looking  Downstream. 
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a.  Model  Configuration  101  in  Front  of  the  Dot  Pattern  on  the  East  Waii. 


b.  Camera  and  LED  Arrays  in  the  West  Wali  Optical  Port. 
Figure  5.  BOS  Instaiiation  Photos. 
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Figure  6.  Close-Up  Image  of  BOS  Dot  Pattern  Applied  to  East  Wall. 
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a.  Vertical  Knife-Edge  (x-component)  b.  Horizontal  Knife-Edge  (y-component) 

Figure  7.  Large  JM  (PTJM  =  avg)  Nozzle  BOS  Visualization  During  Configuration  101 
High-Pressure  Air  Checkout  and  Simulated  Schlieren  Images  for  a  Multipass  Processor 
Using  a  32  x  32  Pixel  Region  at  50%  Overlap  Down  to  a  16  x  16  Pixel  Region  at  87% 
Overlap. 


a.  Vertical  Knife-Edge  (x-component) 


b.  Horizontal  Knife-Edge  (y-component) 


Figure  8.  Large  JM  Nozzle  (PTJM  =  avg)  BOS  Visualization  During  Configuration  101 
High-Pressure  Air  Checkout  and  Simulated  Schlieren  Images  for  a  Multipass  Processor 
Using  a  64  x  64  Pixel  Region  at  75%  Overlap  Down  to  a  32  x  32  Pixel  Region  at  87% 
Overlap. 


Statement  A:  Approved  for  public 
release;  distribution  is  unlimited. 


17 


AEDC-TR-09-T-13 


a.  Vertical  Knife-Edge  (x-component) 


b.  Horizontal  Knife-Edge  (y-component) 


Figure  9.  Small  JM  (PTJM  =  avg)  Nozzle  BOS  Visualization  During  Configuration  101 
High-Pressure  Air  Checkout  and  Simulated  Schlieren  Images  for  a  Multipass  Processor 
Using  a  32  x  32  Pixel  Region  at  50%  Overlap  Down  to  a  16  x  16  Pixel  Region  at  87% 
Overlap. 


a.  Vertical  Knife-Edge  (x-component) 


b.  Horizontal  Knife-Edge  (y-component) 


Figure  10.  Small  JM  Nozzle  (PTJM  =  avg)  BOS  Visualization  During  Configuration  101 
High-Pressure  Air  Checkout  and  Simulated  Schlieren  Images  for  a  Multipass  Processor 
Using  a  64  x  64  Pixel  Region  at  75%  Overlap  Down  to  a  32  x  32  Pixel  Region  at  87% 
Overlap. 
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c.  a  =  160  deg  d.  a  =  150  deg 

Figure  11.  BOS  Visualization  of  Cl 01  Large  JM  Nozzle  (PTJM  =  avg)  at  Mach  0.7  and  4 
Model  Attitudes.  Processed  with  Mach  0.7  Jet-Off  Background  Image. 
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c.  a  =  180  deg  d.  a  =  180  deg 

Figure  12.  BOS  Visualization  of  C101  Smaii  JM  Nozzie  (PTJM  =  avg)  at  Mach  0.7  and  4 
Model  Attitudes.  Processed  with  Mach  0.7  Jet-Off  Background  Image. 
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a.  a  =  180  deg 


b.  a  =  170  deg 


c.  a  =  160  deg  d.  a  =  150  deg 

Figure  13.  BOS  Visualization  of  Cl 03  Large  JM  Nozzle  (PTJM  =  avg)  at  Mach  0.5  and  4 
Model  Attitudes.  Processed  with  Mach  0.5  Jet-Off  Background  Image. 
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a.  a  =  180  deg 


b.  a  =  170  deg 


c.  a  =  160  deg  d.  a  =  150  deg 

Figure  14.  BOS  Visualization  of  C103  Smaii  JM  Nozzie  (PTJM  =  avg)  at  Mach  0.5  and  4 
Modei  Attitudes.  Processed  with  Mach  0.5  Jet-Off  Background  Image. 
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a.  a  =  180  deg 


b.  a  =  170  deg 


c.  a  =  160  deg  d.  a  =  150  deg 

Figure  15.  BOS  Visualization  of  Cl 03  Large  JM  Nozzle  (PTJM  =  avg)  at  Mach  0.9  and  4 
Model  Attitudes.  Processed  with  Mach  0.9  Jet-Off  Background  Image. 
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c.  a  =  160  deg  d.  a  =  150  deg 

Figure  16.  BOS  Visualization  of  Cl 03  Smaii  JM  Nozzie  (PTJM  =  avg)  at  Mach  0.9  and  4 
Model  Attitudes.  Processed  with  Mach  0.9  Jet-Off  Background  Image. 
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a.  a  =  180  deg 


b.  a  =  170  deg 


c.  a  =  160  deg  d.  a  =  150  deg 

Figure  17.  BOS  Visualization  of  Cl 03  Large  JM  Nozzle  (PTJM  =  avg)  at  Mach  1.2  and  4 
Model  Attitudes.  Processed  with  Mach  1.2  Jet-Off  Background  Image. 
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c.  a  =  160  deg  d.  a  =  150  deg 

Figure  18.  BOS  Visualization  of  Cl 03  Smaii  JM  Nozzie  (PTJM  =  avg)  at  Mach  1.2  and  4 
Modei  Attitudes.  Processed  with  Mach  1.2  Jet-Off  Background  Image. 
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a.  a  =  180  deg  b.  a  =  170  deg 

Figure  19.  BOS  Visualization  of  Cl 05  Large  JM  Nozzle  (PTJM  =  avg)  at  Mach  0.9  and  2 
Model  Attitudes.  Processed  with  Mach  0.9  Jet-Off  Background  Image. 


c.  a  =  160  deg  d.  a  =  150  deg 

Figure  20.  BOS  Visualization  of  Cl 05  Smaii  JM  Nozzie  (PTJM  =  avg)  at  Mach  0.9  and  2 
Modei  Attitudes.  Processed  with  Mach  0.9  Jet-Off  Background  Image. 
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c.  0  =  160“  d.  a  =  150° 

Figure  21.  BOS  Visualization  of  Cl  05  Large  JM  Nozzle  (PTJM  =  avg)  at  Mach  1.2  and  4 
Model  Attitudes.  Processed  with  Mach  1.2  Jet-Off  Background  Image. 


Statement  A:  Approved  for  public 
release;  distribution  is  unlimited. 


28 


AEDC-TR-09-T-13 


a.  a  =  180  deg  b.  a  =  170  deg 

Figure  22.  BOS  Visualization  of  Cl 05  Smaii  JM  Nozzie  (PTJM  =  avg)  at  Mach  1.2  and  2 
Modei  Attitudes.  Processed  with  Mach  1.2  Jet-Off  Background  Image. 


a.  a  =  180  deg  b.  a  =  170  deg 

Figure  23.  BOS  Visualization  of  Cl 06  Smaii  JM  Nozzie  (PTJM  =  avg)  at  Mach  0.9  and  2 
Modei  Attitudes.  Image  (a)  was  Processed  Using  the  Atmosphere  Jet-Off  Background 
Image  Due  to  Model  Dynamics,  While  Image  (b)  Used  the  Mach  0.9  Jet-Off  Background 
Image. 


Statement  A:  Approved  for  public 
release;  distribution  is  unlimited. 
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c.  a  =  160  deg  d.  a  =  150  deg 

Figure  24.  BOS  Visualization  of  Cl 06  Large  JM  Nozzle  (PTJM  =  avg)  at  Mach  0.9  and  4 
Model  Attitudes.  Image  (a)  was  Processed  Using  the  Atmosphere  Jet-Off  Background 
Image  Due  to  Model  Dynamics.  Images  (b)-(d)  were  Processed  Using  the  Mach  0.9  Jet- 
Off  Background  Image. 
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c.  a  =  160  deg  d.  a  =  150  deg 

Figure  25.  BOS  Visualization  of  Cl 06  Large  JM  Nozzle  (PTJM  =  avg)  at  Mach  1.2  and  4 
Model  Attitudes.  Processed  with  Mach  1.2  Jet-Off  Background  Image. 
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c.  a  =  160  deg  d.  a  =  150  deg 

Figure  26.  BOS  Visualization  of  Cl 06  Small  JM  Nozzle  (PTJM  =  avg)  at  Mach  1.2  and  4 
Model  Attitudes.  Processed  with  Mach  1.2  Jet-Off  Background  Image. 
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a.  a  =  180  deg 


b.  a  =  170  deg 


c.  a  =  160  deg  d.  a  =  150  deg 

Figure  27.  BOS  Visualization  of  Cl 07  Large  JM  Nozzle  (PTJM  =  avg)  at  Mach  0.9  and  4 
Model  Attitudes.  Processed  with  Mach  0.9  Jet-Off  Background  Image. 
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release;  distribution  is  unlimited. 
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c.  a  =  160  deg  d.  a  =  150  deg 

Figure  28.  BOS  Visualization  of  Cl 07  Small  JM  Nozzle  (PTJM  =  avg)  at  Mach  0.9  and  4 
Model  Attitudes.  Processed  with  Mach  0.9  Jet-Off  Background  Image. 
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release;  distribution  is  unlimited. 


34 


AEDC-TR-09-T-13 


c.  a  =  160  deg  d.  a  =  150  deg 

Figure  29.  BOS  Visualization  of  Cl 07  Large  JM  Nozzle  (PTJM  =  avg)  at  Mach  1.2  and  4 
Model  Attitudes.  Processed  with  Mach  1.2  Jet-Off  Background  Image. 
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release;  distribution  is  unlimited. 
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c.  a  =  160  deg  d.  a  =  150  deg 

Figure  30.  BOS  Visualization  of  Cl 07  Smaii  JM  Nozzie  (PTJM  =  avg)  at  Mach  1.2  and  4 
Modei  Attitudes.  Processed  with  Mach  1.2  Jet-Off  Background  Image. 


Statement  A:  Approved  for  public 
release;  distribution  is  unlimited. 
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a.  Minimum  PTJM 


b.  Average  PTJM  c.  Maximum  PTJM 

Figure  31.  BOS  Visualization  of  Cl  09  Large  JM  Nozzle  at  Mach  0.5  and  Pitched  to  170 
deg  for  3  Nozzle  Pressures.  Processed  with  Mach  0.5  Jet-Off  Background  Image. 


Statement  A:  Approved  for  public 
release;  distribution  is  unlimited. 
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a.  Minimum  PTJM 


b.  Average  PTJM  c.  Maximum  PTJM 

Figure  32.  BOS  Visualization  of  C109  Large  JM  Nozzle  at  Mach  0.9  and  Pitched  to  170 
deg  for  3  Nozzle  Pressures.  Processed  with  Mach  0.9  Jet-Off  Background  Image. 


Statement  A:  Approved  for  public 
release;  distribution  is  unlimited. 
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a.  Minimum  PTJM 


b.  Average  PTJM  c.  Maximum  PTJM 

Figure  33.  BOS  Visualization  of  C109  Large  JM  Nozzle  at  Mach  1.2  and  Pitched  to  170 
deg  for  3  nozzle  Pressures.  Processed  with  Mach  1.2  Jet-Off  Background  Image. 


Statement  A:  Approved  for  public 
release;  distribution  is  unlimited. 
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a.  Minimum  PTJM 


b.  Average  PTJM  c.  Maximum  PTJM 

Figure  34.  BOS  Visualization  of  C111  Large  JM  Nozzle  at  Mach  0.5  and  Pitched  to  170 
deg  for  3  Nozzle  Pressures.  Processed  with  Mach  0.5  Jet-Off  Background  Image. 


Statement  A:  Approved  for  public 
release;  distribution  is  unlimited. 
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a.  Minimum  PTJM 


b.  Average  PTJM  c.  Maximum  PTJM 

Figure  35.  BOS  Visualization  of  C111  Large  JM  Nozzle  at  Mach  0.9  and  Pitched  to  170 
deg  for  3  Nozzle  Pressures.  Processed  with  Mach  0.9  Jet-Off  Background  Image. 


Statement  A:  Approved  for  public 
release;  distribution  is  unlimited. 
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a.  Minimum  PTJM 


b.  Average  PTJM  c.  Maximum  PTJM 

Figure  36.  BOS  Visualization  of  C111  Large  JM  Nozzle  at  Mach  1.2  and  Pitched  to  170 
deg  for  3  Nozzle  Pressures.  Processed  with  Mach  1.2  Jet-Off  Background  Image. 


Statement  A:  Approved  for  public 
release;  distribution  is  unlimited. 
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Table  1.  Nominal  Test  Conditions 


Mach 

Number 

Total 

Pressure,  psfa 

Total  Temperature, 
°F 

static 

Pressure,  psfa 

Dynamic 
Pressure,  psf 

Reynolds 
Number,  x10  ®/ft 

0.00 

2040 

100 

2040 

0 

0.0 

0.50 

700 

100 

590 

103 

1.0 

0.70 

578 

100 

417 

143 

1.0 

0.90 

510 

100 

301 

171 

1.0 

1.20 

479 

100 

198 

199 

1.0 

Table  2.  Run  Number  Summary 
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APPENDIX  A.  LAMINA  BL3000  SERIES  LED  SPECIFICATIONS 

Lamlyia'’ _ 

Brii^itU3lvt3.BfighE  Idm™ 


White  4300K  LED  Light  Engine 

Lamina  Light  Engines 

A&  thp&  market  ladder  in  the  devetepment  and  manufiacture  of  supar-triiglit  LED 
arrays.  Lamina  bangs  solid  state  ighlingto  applications  which  until  now  were 
on^y  possible  wftb  traditional  Qghtrng  sources. 


Lamina's  LED  arrays  are  merMifactured  by  combining  b^  bngfilness  LEDs  from 
industry-leactlng  LED  manufacturers  mth  Lamina's  proprietary  packaging  tech- 
ncrio^,  muJtiteyar  Low  lemparature  Co-Fiied  Ceramic  on  Metali  ^ETDC-M).  LTCC-M 
is  a  bieaktbrougi  in  tbarmal  perfbnnance  tor  LED  packa^ng  tectincriogy,  a  key 
factor  in  determining  LED  life  and  reliability.  Unmatched  thermal  performance 
coupled  wtb  package  irvterconnectivity  allows  Lamina  to  densety  cluster  multiple 
LEDs  to  achieve  er^epbonal^  fii^  luminous  intensity  in  very  small  footprints. 
Lamina's  arrays  are  available  in  white,  RGB  and  monochrome,  from  ±W  to 
lOOW,  and  also  are  available  in  custom  packages. 

«  Hiah  LuhiiHOUS  Flux  in  Shall  Fdoiprint 

*  Superior  Therhal  Performance  for  Improved  RiLUBiiLiTY 

*  Long  Life  amd  High  Lumem  UAimENANCE 

*  Mo  Mercury  or  Lead 

« QuaiOM  Sizes  and  Shapes  Available 

BL^ODO  White 

Lamina  BL-3CKI0  white  led  arrays  are  configured  with  39  caviti^  each  populat¬ 
ed  with  multiple  leds.  Multiple  led  die  ir^  each  cevity,  a  unique  feature  made 
possible  with  Lamina's  packaging  techology;  assure  Lamina  light  engines  deliver 
optimal  color  uniformity.  Terminals  are  supplied  with  a  solderahle  surface  finish 
to  enable  users  to  connect  arrays  to  driver  circuitr>'  or  other  arrays  in  a  series  or 
parallel  circuit  The  EL-30D0  Series  is  the  most  powerful  LED  array  on  the  mar¬ 
ket. 


Typical  Applicatians 

General  Illumination 

AfKHlTEDIUFiAL  UGHTING 
“  DECOPATn/£  AND  AccENt 
“Cove  AND  Undeiwhelj 
“Garden  and  Pathway 

Signals  &  Signage 

“AiRFJELDTAXrtVAV 

•  Securitv 
“Beacons 

Tasr  Lighting 

Medical 

Machine  Vision 


Lamina's  white  4300K  LED  fight  engines  are  designed  with  an  enhanced  wpec- 
tral  distribution  rich  in  red  for  applications  demanding  improved  color  rendition 
(w  typical  ORlJ  and  warmer  color  temperatures. 

To  see  how  you  can  realize  all  these  design  benefits,  to  request  a  sample,  or  to  speak  with  an  engineer 
about  your  design,  contact  Lamina  at  600.603.6822  or  609.265.1401  or  visit  www.laminaceramics.com. 
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lamlina'* 

Bn^t  Ligha.  Brighc  Ideas. 


Tecfinical  Dst3a 


^Port  #  BL^32IM.4J245 

Symbol 

Min 

Typical 

Max 

Unit  1 

Color  lemperatuFe  ** 

CCT 

3500 

4300 

5500 

“K 

voltage'^ 

Vf 

- 

24 

- 

V 

lest  Current 

Ip 

- 

1_17 

- 

A 

Power* 

p 

_ 

2B 

_ 

w 

Luminous  Flux* 

510 

525 

- 

Im 

ThemnarResistance 

Tr 

- 

0.66 

- 

■o/w 

*Note  1.  Optical  and  Elediical  spectficatiens  are  gSwen  for  the  specified  drive 
current  at  a  25*^  junction  tomfiofalure. 

**Notb  2.  Typical  CRI  Is  90. 

_ ) 

At[A<'iHMENT 

RbiOMMENDATIONS 

Lamlrta'*  BL-30a£i  S&rles  ie 
canneurgKl  with  edld^^r  [>ad& 
campatiblQ  with  Sn63  or  Eh62 
sDld^.  As  with  m-a  rty  olootii^^l 
non-acid  RMA  typst  «ol- 
der  fl  UA  ■fihDLild  be  b&ed  to  pre- 
pufn  th^  ^oEdor  bddi  botoro 
appllodtion  or  sbldor.  Ifwlro 
attachment  Is  perTormod  with  a 
ibldorlb^  Iron,  card  miigt  be 
ta)<on  Id  minimize  heat  tran^for 
to  the  dlB  and  minimize  loach- 
Ing  of  thd  eolddrabld  padd. 


Assembly 

Recommendations 

Lamlria'&  BL  EdrEe^  Light 
Engines,  are  designed  for 
attachment  to  heatsinks  with 
CbhdnctJvd  e^oxy  or  screw 
down  for  flange  mount  devices 
with  thermal  grease  In  the 
Joint. 

For  attachment  using  screws^  a 
6-32  UNG  fillister  head  slotted 
machine  strew,  IS-B  SS  is  rec¬ 
ommended.  Maximium  terquo 
Is  4  Inch  peunds  (45  newton 
oenUmetor).  Required  flatnoss 
of  surface  light  engine  Is 
mounted  to  Is  0.001  inch/inch. 


To  see  how  you  can  realize  all  tliese  design  benefits,  to  request  a  sample,  or  to  speak  with  an  engineer 
about  youT  design,  contact  Lamina  at  G00.803.5E22  or  609.265.1401  or  visit  www.lannlJiaceramrcs.OQnn. 
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lamisia’ 


Bn^hit  Lighcs.  Brighc  tdeu.  ™ 


Heat  Sink 

RB.-OMMENDAnONS 

Lamina  LED  arrays  pra'uidia 
ciiattft  tiiinef^r  of  boat  from  tHo 
Individual  LED  die  to  o  cus- 
lorrEor  «ijppliod  hoatbirik.  All 
Lamiaa  LED  arrays  mu^  ba 
oporatoiJ  at  or  frolow  125^.  ft 
boat  sink  must  bo  attacKod  to 
Lho  a  rmy  with  simiclom  coalirig 
capacity  to  keap  tbo  dia  Junc- 
tldh  balow  25*^.  Tho  tompora- 
Luto  liso  from  tbb  array  ba^a  to 
Lho  dJo  juactloo  may  bo  dotor- 
mlnod  by  caloiJlotirtg  tho  prod¬ 
uct  of  the  ma;dmum  packogo 
thermal  reSilstance  and  the 


Ttio  approprlQto  heat  sink  may 
then  be  deterniinod  by: 


OFri<yy_  Recommendations 

Lamina  LED  arrays  project  a 
Lambertian  radlatlori  pattorti, 
with  projection  angEes;  built  into 
Lhd  pbckagQ  cowity  at  approAk 
matoEy  12&^.  It  will  be  neces- 
eory  fer  users  to  croato  an  opti¬ 
cal  foTloctorand  lens  structure 
that  meets  their  tight  disper¬ 
sion  requirements.  Please  coo- 
tact  Lamina  Appllcdtiort 
Englnoertog  for  support  with 
your  optical  needs. 


To  see  how  you  can  realize  all  these  design  heneftts,  to  request  a  sample,  or  to  speak  wrth  an  engrneer 
about  your  design,  contact  Lamina  at  BdO.&d 9.5822  or  60S.26B.140t  or  visit  www.iaminacerainLcs.conn. 


Heat  Sink  Tuermal  Reeiatsa&e 
(■^C/LiVs  -  -  Tltrlwj - 

MBJCimunn  Ambient 
fempeTatur«;^P 


desired  operntlng  power  level. 


Junction  lemperatuFe  ftlte  (TJ 
(rsaert  »  OaeraUng  Pciiwer(Pj  x 
Lannifis  Array  Thermal 
Peai^Lance  (Tr| 


Typical  Beam  Panefn 


r  ^ 


Electncal  Connections 


Lamifia 

QQQQQQ 

ooooo 

QQQQQ9 

ooooo 

QQQQQQ 

oooooo 


wplV  (V  •  1  m  t  M  u 
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APPENDIX  B.  AXON  RETROREFLECTIVE  PAINT 


y  AXON  PRODUCTS 

307  ECHELON  {^EEMVIUlE,  SC 

TEL-  -  FAX  NUMBEH  B54r-^3A2a 

E-MAIL  IntormvlJoi^ljuntffQBpiKe.cam 


Ai.tJHJ  SKRlhlS 

1  -ICK!  tt6’  FI .  tCl’l  VIl  CO  ATI  h  C 

Jinuary  (99ft 

July  3004  _ _  „  _  _ 

i'JlOl>UCT  DESCRIPTION; 

ITlis  pf<>duCI  is  iltendiid  as  a  spctislly  «>almg  fm  markinfi  HurJttCiii  where  ni^hl  leFleClivi:^  js  K.<|niTed.  Alerl  pp(j\'idcs 
fc/lccH*^  mariin^  foir  siccl,  alLiniinimi,  contretc^  anJ  wood  ^hsitr^ccR.  This  (kic\  Uy  a  fifiish  lhac  ffitlecls  Nglit  btcV-  al 

[tie  Kuurre. 

SURFACE  FltHf  ARATION: 

Surffic^^  Id  be  painced  should  be  c1;^ti  and  free  of  any  aoiia  oil  eiimp{»LiTid^.  Fur  btiX  results^  Ihe  su4^e  shculd  be  Lightly 
abraded  before  coaling,  for  imeloi  SUrfaCeSn  areas  which  show  wtttosioti  nr  ban;  racial  .Hbcuid  be  irt}TadBd  ya  rerrfcOSc  the 

biptJunLiPi'i  hcCijie  iapplyLiig. 

APPUCATIONi 

Mix  Alen  on  a  paint  shaker  betone  appljcation.  Prjpcr  mixing  is  vziy  iritpujlajil  lUi  achieve  opEiiiiLini  neflectrwe  piupertics. 
Alert  cam  he  applied  by  sptaying,  brushing,  Ktcncilir.g,  or  ru-Uing.  Uefil  properKieS  eaik  be  ohtaiied  by  sprayirig  with  a  lip  si7^ 
of  .09a  ill.  ^2  .5m  nil)  25-50  p5>i  A|n|fly  Lli  wci  niLfujiii  tjuats  Luilil  aulMiralc  Is  aiher  white  in  frolor  Cjttren&tly  wet 
will  not  ft  fleet  n'ts  well  as  a  drier  coit.  When  ml  ling  Alert,  me  ^  foam  roller  ^hiFe  ml  lug  in  one  diiircctbn  O'nly.  Do  not  apply 
Alert  ov-CT  latex  cnaltng  or  below  5S^r.  tiJorlcSS  Mineral  Spirtts  may  be  used  as  a  rtdiecr  and  for  clean-up, 

PHVSICAJ.PRflFFRUKS: 

Appeai"anieL 
Vt'eight  ptrOalloiti: 

Finefsess  Grind; 
iJluss: 

Salids  by  Weight: 
by  Voltitne: 

VolatiLc  Urgamt:  ContertL 
Coverage: 

l>y  Time  1  mi  I  DPT : 

Shelf  LHc. 

Storage  T^mpcratllre : 

PftECAlTIONS 

lifjc  with  adequate  ventilation  and  pmper  safety  equipment  See  MSDS  for  Compete  details  of  coniposition  and  required 
pnccaulioTi^;  for  Line. 


Available  in  vanou^  eoBora 

200  mc^ 

5  max  ^  bt)^ 

5^A% 

z.-ss-  ns/gaj  or  yri  g-'L 
937  sq  fo'gal  0  1  mil  1)FT 
Taok  Free:  I  '  2.  heur^ 

JJry  Maid.  24  hours 

I  Ycaffroni  DEtt  of  MsnuS’KiUTing 
40  -  9^  P  (A  -  35*  C) 
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AXON  PRODUCTS 

307  ECHELON  FWO  -  GFIEEWILLE,  SC  MBCS 
TEL  ^  FAX  NUMBER 

E-MAH.  ink}mi£lMin4aHMaAfcapueu^^ 


I  AEBOSPACi  UCHNICAI  DATA] 


ALERT  REFLECIVE  COATINGS 
MARCH-00 


CODET  ALERT 


DAYTfME  COLOR  I  NIGHTIME  COLOR  I  COQE  3M  "SCOTCHLITE" 


14^0 

BLUE 

BLUE 

HfA 

1440 

SILVER 

SJLVER  WHITE 

7210 

1441 

SJLVER 

SJLVER  WHITE 

1460 

YELLOW 

YELLOW 

r2n 

1450  ' 

WHITE 

SILVER  WHITE  ' 

7216 

SILKSCREEN 

WHITE  j 

I  NVA 

1 

_ _ _  _ 

RAJLCARW^TE 

WHITE 

I 

'  N/A 

1470 

_ RED _ _ 

_ RED _ 

_ _ n_;a 

1480 

BLACK 

SILVER  WHITE 

7215 

1490 

GREEN 

GREEN 

N/A 
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-TArrtrT'T- 

mm 

Anse^l 

Edmcmt 

(HtAkii) 


i^s 


G 

QnJuOO 


PUNO 


APEX' 

Bostik 


JDL  INDUSTRIES,  INC, 

Dade  Phone:  (305)  599-2022/  Fax:  (305)  599-2078 

Broward  Phone  (954)  978-0046  /  Fax:  (954)  978-0710 

VWov^e,  C-l-lO^  ^  AO  -  O'!  ^40  -TQ  ti7 


CUSTOMER  REGISTRATION  FORM 


f 


CUSTO^TKR  CODK: 


I>ATK: 


CORPORATE  y  COMPANY  NAME:. 

PURCHASING  AGENT;  „  _ 

PHONEt  (  ) _ 


FAX;  ( 


PURCHASING  AOORRSSr. 
CITY,  STATE,  ZIP  COI>R: 
E-MAIL: 


A/P  MANAGER;  . 
PHONE:!  h 


FAX:  < 


)JL. 


RII.MNO  ARORESS: 

CITT.  STATE.  ZIP  CODE:. 


WAREHOUSE  MANAGER;. 

PHONE:  (  > _ 

SHIPPING  AlWKKSS; 
cm',  STATF.,  ZIP  CODE: 


FAX;  ( 


CUSTOMER  TSTE -PLEASE  MARK  ONE  OF  THE  FOLIClWlNG: 

{  AVIATION  I  f  FAPOBT  t  f  GOVERNMENT  1  f  MANUFACTURING 
I  marine  I  I  repair  shop  I  (RESELLER  >  OTHER: _ 


CUSTOMER  WISH FS  TO  RECEIVE  PROMOS  •  Y  i  N  (pi.easi!  cikcij:  eworciij 
CUSTOMER  SIGNATURE; _ _ _ 


itunutwrLie  IwIdw  ihia  line,  for  JDI,  i|«roillf: 

J.D.L.  REPRESENTATIVE:   REFERRAL  CODE: 


Chevron  ^smsuiY  *^*^*****^^"|i^V” 


VALEO'  Permacel  POLYKCrr  bkuti-kile  7^^. 
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APPENDIX  C.  PHOTOMETRICS  COOLSNAP  K4  CAMERA 


^  PHOTOMETRICS' 


CooISNAPk4  Monochrome 

2040  X  2040  imaging  array  I  7.4  x  7.4-|jm  pixel l 

The  CoqISNAPje'j  htnoclirorria  camera  from  PhotomalTici*  is  a  higlvreiolLftion  digikJ 
imaging  system  d«igriad  for  lowJighl-  Kianlific  applicGtions  tfrah  require  a  large  fieJd  of 
view.  Tnii  cooled  CCD  camera  ayslem  provides  IS-bih  dig  iliza  lion  ah  20  MHz.  The  large 
formal-  of  the  CCD  allows  the  user  to  image  ihe  m  icrosoope'^s  whole  field  oif  view,  while 
tfre  small  pixel  size  is  ideally  mathed  -b  me  resoluriori  limil  of  the  microscope.  The  four" 
megapixel  defec-tr  enables  very  lirie  imqge  detail  ta  be  resol-ired,  the  pixels-  can  he 
easily  himed  ta  improve  serisirivily.  Ne-w  inhrlineHrarisfer  CCD  technology  provides 
high  quantum  efficiency. 


Features 

Benefits 

20-iMHz  digrizo^on 

High-speed,  high-serisifvity  imoge  oepture 

2lJ4fi  X  2040  imqghg  crroy 
7.4x74-|jm  pbds 

Revokes  fne  detail 

Idealt^  matched  to  optical  microsoipa 

Irierlhe-troTi-fer  progressivB-ican 

CCD  d im i ria to s  camera  wbreiion  and  faclitatei  Iasi  riggerrg 

Fledile  hnning  and  reodcxl 

hcreases  li^l  sonsJtiviy  whie  irtcreasing  the  frame  rate 

1 2-hi1‘ digitizctioTi 

Quentifies  brightarid  dim  signals  in  he  seme  imcige 

Thernrioel eerie  ooclirig 

long  intograticn  times  hr  higher  serisitf^ty 

Enhatced  quantum  effrciency 

Provides  higher  serisitMty  hen  typical  htorlirie  cameras 

C-mounl 

Easily  attaches  to  microscopes,  standerd  lenses  oroptiocJ  equipment- 

AcquiiiKon  solWire 

Captures,  ^rdyzes,  oxd  scTheshi^Tfesoluticn  imiages 

PCI  interface 

High-hcnd -width  uninlen-upted  data  trarisier 

PVZjliM*  (or  F4>i4Drneriai* 
Clrciicr  butos 

Ct-ocE  jeqiEncrg 

Supported  by  nun^oushird-party  sofiw-are  packages 

Red-time -loous 

Precise  integration  wth  shutters,  fibor  wheels,  etc. 

Cempatitt  with  WTndw^  Mac  OS  X  onri  liniB^  fiff  P.D  ^-sr nef  in-nion  2'.4j 

OKbH^j  Mn-  tm 
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R«gl«i 

]02AM.m4  51 2  jc  51 2 

1x1 _ 3 _ 5 _ B _ 

S  2x2  5  9  10 

I  9x3  i  10  11 

4x4  8  11  12 

(Fnam«.  par  s«-ond) 

Nc4q:  Fmmd  mt«  Gra  nKoxjnd  d20Ml-b-wtfi  O-sac^ndeKposira  lm«i. 


Specifications 

GID  irndgsi  L#nKr 

KoJal^  KA[402CWi:  nbrlincHrarislar,  prog-ceilvwcan  device -witli  micrcIflirdAS 

OCD  Forme# 

204S  x2046  imeging  erray 

74  K  7.4-pm  pHrL 

15.16  K  15.1  ttrm  imaging  arw  [optically  ccnbrcJl 

Lirwar  IkJI  woJ| 

30,000  e-  Isir^le  pimll 

40,000  |2  X  2  bhned  pixel) 

Rsad  noisffl 

Sal  0  e-  rms-  4  20  MHz 

NcjrlinMrIy 

<1% 

Di^Kz^r  type 

12  bibe'20Mh4z 

GZD  bmpo-Glure 

-25'C  (regulatedl 

[kj\i  current 

0.1  «n/p/ia-25'C 

Opflratng  errw’ronmflnt 

Ote  30^-  ambient,  O  b  60%i  ralatKe  humidity  rtonoondcrisng 

1^0 

TTL[Hggcf/5*irlui]:  tigger,  invert,  inhibit,  expceirig.  interline  shift  frame  readout 

StitTIL  (programrndDifll 

DACs-  |two| 

Nob:  5p0dhoctfons  an  ^^odandxb|dc1^o  dKnga. 


*  PHOTOMETF3ICS'  U&A  520.039.9^3  1  Bir»JuK +3 1.3^7. ■324939  1  Frar>:ft4-33.160.&4.03.65 

GBrTTKirTfr-i>49.09.^O779.3  I  Jbpnn  hn  01 .43  274.0022  I  hf^phakiiiffljCDni  I  www.pIn^aLcom 

CzztHMxi  tfcM  li-  M 
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Alpha,  a 

Phi,  (|) 

BOS 

BPC 

CCD 

CEV 

CFD 

CM 

Config 

F.S. 

HAAS 

KVM 

LAT 

LED 

Mach 

P 

PCI 

PTJM 

Re/ft 

000 

t 

T.S. 


NOMENCLATURE 

Model  angle  of  attack,  deg 
Model  roll  angle,  deg 
Background-oriented  schlieren 
Boost  protective  cover 
Charged  coupled  device 
Crew  Exploration  Vehicle 
Computational  fluid  dynamics 
Crew  Module 

Model  configuration  number 
Model  fuselage  station,  model  scale  in. 
High-angle  automated  sting 
Keyboard,  video,  mouse 
Launch  abort  tower 
Light  emitting  diode 
Freestream  Mach  number 
Pressure  at  wind-on  condition,  psfa 
Freestream  static  pressure,  psfa 
Peripheral  Component  Interconnect 
Jettison  motor  total  pressure,  psia 
Freestream  unit  Reynolds  number,  ff^ 
Freestream  dynamic  pressure,  psf 
Time,  sec 
Tunnel  station,  in. 
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